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A  mulli-bcdy d y n a m i c s  ccmputcr  model  was used
mkvwiwly  for the h4am  Pathfinder mission to simulate
its innovat  ivc and unconvet  ttional  almosphccic ent ry,
descent and  landing approach. To verify  the accuracy
and  validity of this model  which was vilal  to the success
of this mission, two multi-body system  drop tcsk  were
pcrfornlcd and augmmlcd  by a n  cxtrmivc  moclcl
correlation dforl.  The end  product is a tcsl verified
moclc,l  thal will bc usd  in the final Mars I)a(hfiactcr
terminal clesccmt  sinlulalion.

1. 1 N’1’RO1  )UC’I’1ON

Mars  l’a[hfincfrr is a $150  million unmannd  Mars
exploration mission Ctcsifiad by the ]ct 1 ‘repulsion
1 ,alxmakwy  to deliver a lanckr, ramwa and inslranlcml-
lacien  rover to the Mariian sllrface  on ]uly  4, 1997. The
spacecraft is scheduled tc~ launch from C’a]w  c’allav~~a]
in l)ecember  1996.

To med the mission requiremcmls  [1],  a sophislicakd
and  unconventional almosl)heric ltntry,  1 kscen[  and
1,Rncting  (];] )],) a}>proach  has been  developed. Aflcl  the

spat’ec’rafl  enters  the Mars atmosphere, a parachute ~Till
Ix’ clrp]oyed  to slow descent, and the healshielct  will br
jellisonecl  whm  it is no longer needed. As the rest of
the spacwrafl  parachutes down, the lander  wilt be
lowered by a X3-meter  bridle  from the backshell  and the
rocket’s brakinr,  system will en~a~,e.  ‘1’he  bridle  will
[hell  bc cut, releasing the lander  surrounded with
intlated  airbaf,s  f o r  a sofL ladinf,  on the hlar(ian
stlrface.

in order  10 prove the lil )1, concept ancl  to predict the
syslem  p e r f o r m a n c e ,  an encf-lo-cmcl  m u l t i - b o d y
Cfyllamic  simulation of the enlirc Jtl)l,  seqacnce has
been  performed usinc  the Al )Ah4S  program [2,3]. Since
the h4ars  l’athfincler  I;I)l  ~ simulation is essential to the
mission success, the dynamic mocirl  used  in the
sialulation w,as verified by model corrrlalion usinr, the

dald  from two lnulli-bocly  system  drop tests:

● 1:.1 )1, Systcm  I )mp Test;
# 1 lander  Separation 1 )rop’1  ‘es[,

2, IiI)l, SYS”l’IiM  1)1{01’ “1’IWI’

‘1 he ltl )1, Syskm  1 )rc)p I nest was performed over a two
w7wk  periocl, f r o m  Scplember  28 throuf$  (ktober  12,
1995, in I\oise,  ldaho. ‘1 ‘he objeclive was to provide
expetimenla] data 10 vrrify the dynamic model  of the
Mats l’alh(inder lil)l, syslem  in its terminal descent
cc~nfir,  aration,

2.1  ‘1’cst  Configuration

‘1’hc  test arliclc consislcd  of a palachulc,  back%hell  and
l a n d e r ,  l;i~,urc  1. ‘J’tle  parachuk  was  co]u.lracld in
fli~jlt  ccmfip,uration  with a fabric havinp,  a permeahilily
Cocf(icicnl  scald  to 11)[s  Mart ian  atmosphere . As
] cqaireci  by the test illslrl[l)le)ltatioll,  the parachute
canisler  had non-flifj~(  dimensions. ‘J’hc backslw]l  and
lander  were  in full-scale Clia]clwions  to simulalc  their

fli~)lt  aerociynamics. The  mass  of the backshell  and
lancler  was based on the 3/8111  scaled Nflars  mass. The
?()-melet lon~,  Ianclrr  bridle was the same as flifjlt.  The
lander bridle Ikscent  Rak 1 ,imitcr  (1)1{1 ,) was a
clevelopment  test unit assrmblecl  by ]1’1,.

2.2 ‘lest Measurement

‘1’0 p r o v i d e  usefal cfala  for t h e  sllbsequent moclcl
mrrclation, the followinr,  system LTs >ollsc~} lv as
measorecl:

● AnSalar pc)siticms  (x,y) of backshell  and lander;
● Anr,alar  rates  (z) of backshc]l  and lander;
● Accelerations (x,y,z)  of backshe]l  and  lander;
9 1 kwnwad  dynamic pressure  cm lander;

in addition, vicfcws  were takcm  from fI)rOLlnCt  a n d
backshell.
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2.3 1’0s[ Processing of l’esl  Ilata

Since only (he system rmpo]we  under  10 1 IY, was of
interest and  the fact  that the test data  was sampled at a
very hi~h  rate  of 1 Kl l?., the test data  was  rcciumf  awl
pt’occ’sscd  in fOL1l’  Slep:

. Applied a low-pass filter  (0-101 lz) to the raw data;
● l{mwwecl  thr prc- a n c l  Jmsl-evrnts, a n d  then

sampled  the actaal evenl  at a rate  of 20 117, (l’JIi<
reduced  thr qoantity of cfa{a  by 99%.);

● Applied a 1 lannin~,  window to the filtered narrow-
I>anrl data;

● 1 ‘erformwl  spcclral analyses on the windowed data
llsin~  tl~e  ];ast  }rourier  “J’ransform  (l;l:l’) tcchniqae.

I hlrill~,  the  data reduction, il was obscrvccJ that all tllc
an~,alar  d a t a  w a s  unasab]e dur 10 the fiyros  bcinc
srwewly  damaged  by ~,rooncl  impact. As a result, the
an~ular  information hacl to be recovered from  LIW vidro
recm  cling.

Note  that there  were two video  cameras moanted  on
the I,ackslwI1.  One recorded  an Llpward  vimv  from the
backslwli  to the parachLlte;  thr other  a downward virw
ftom the backshell  to t h e  l a n d e r .  By di~,ilizinf,  the
vicfcos,  two view anf@  were oblaincd, one up-looking
and one down-looking.

2.4 ‘J’est Analytical Model

As show]]  in };ir,ares  2a and 2b, a three  dimensional
malli-body dynamic  model  of the test  ccmfi~araticm
was developed for the model  correlation. ‘1’his  Test
Analytical Model, or ‘l’AM, consisted of a disk ~apbancl
l>alacll~lLe,l  lacksl~ell,l  >ridlc~il~d  lander. ‘1’hc”l’AM  was
a modifimt  version of the dynamic model  used  in thr
h4ars  I)atllfindcr lil)l,  simolalicm  12].

2.5 Analysis h40dal  I’roperties

‘1’hr  analysis modal  JwoJ)erlics  (nataral  frequencies,
clampin~} a n d  mmle shapes) were predicted by
linrwrizins  thr ‘1AM i n  t w o  tesl  configaralicms  ]4]:
(1) two-body ccmfi~aration  brfore the lander separation,
lii?,o  re 2a; (2) three-body con fi~uraticm  after the lander
sclmration,  l~i~,are 2b.

‘1’he  mode  shaprs predicted by the ‘1’Ah4 arc shown in
l;ir,llrcs  3a to 3f.  l)Lle to symmetry, the  S)fSk’lU  modes
ale in pairs and only one of each pair is sJmwn. ‘1’hc
ollwr is similar in shape, bLIl orllmgonal.

2.6 ‘J’est  h40dal  l’ropcr[ies

FJ 1 spectra of thr acceleratic)n  clatd were u s e d  10
ex(lact the tesl  modal  proprr[irs,  mainly  the natardl
frcclaencic>s  and cfampinz. ‘1 ‘l~e  moclc,  shapes  w e r e
rstimatcd  from the videos, A typical accclrta(ion  time
hi<tory  and the  corresponding l;l:l”  speclram aIc
illustrated in Fi~,are  4.

Note thal the 1~}~1’ s p e c t r a  of cfifferml timr sc~,menls
w’ere examimcl  to idrmtify  the system mocial  propcrlics
fol’  the tti’o tcsl confi~uralicms  mentioned  a b o v e :
(1) 15-20  sec time se~nmll  was used  for the two-body
configuration; (2) 40-110 scc time se~,metlt  was Usml for
the tlmw-bocfy  confi~uration.  ‘1 ‘he test modal J>ropcrties
ale listed  in Table  1.
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2.7 Model Correlation

Mass  l’ropcst  ics Updn tc

“1 hc firsl  slcp of the moclrl correlation process was 10
tllorourj~]y  review,  and  UJKkib7 the m a s s  propcvlies.
The mass prc>perlies  of each  modeled  body in the TAh4
lvere  updated based upon either  the actual measured
}i,ciF~]t  or the estimates from tl~c C’AI I ]]]odc1.

Since  the freqacncics  of tl~c lc>cal  lal~der  ancl backshc]l
modes are  sensitive to their  own c.~,. Y-mmrclinatcs.  ‘1’hc
Y.-coorcfinalc  of the lander c.~,. was refined  by n]alchinp,
the frc,quency  of the lander  wrisl mode,  l:i~,are  3e. Afkv
thr adjaslmcmt  of ihc lander  c.F,., the backslw]l  C.S.  z-
coordinate was upcfaled  by corle]atinr, the frequency of
the cnlr}’  bcxly  mlatirma]  mmfc,  };i~are 3b.



l)nmpitlg  (lwfficimlts Adjusimwt

‘1’0 JV(lect the  hif$ Clampinr,  Observecl  from tlw test cbita,

the cfampiII~, of the lander  wrist  mode in tbe ‘1’AN4 was
increased 10  s~o by addinp,  a rotational cfampm.

As cl(scribd  in sccticm  3, the 1)1<1 ~ dra~ codficiml  was
adjastccl  f r o m  tbe pre-tcwt  valtle  of 0.0055  to 0 . 0 0 7 3
basccl  c m  the measured  lander  cfcploymmt time.  ‘1’his
shows that {he I )1<1,  inlmclucecl  more  cfampin~,  Clurins
the test than that precliclcd  by  (lIC  pre-tesl  ‘1’Ah4. AS a
rcsul 1, there  was very lithe Iancfer  oscillalicm  observed
at tlw end of the lamfer  deployment.

It was also observed that the actual bridle  cfampin~,  was
hir,l~,r  than that  assumed in the prc-tesl ‘1’Ah4.  IIaswi
on tlw amplitacfc of snatch  accelcraticm  a t  the end of
lamlt.r  cfcyloyment,  the bridle clampinr,  was increased
to 10,000 kF,/sc’c.

Armdym?mir  h’lmfcl Clm’clfziion

‘1’hc crilical  paranwtcr f o r  parachulc slability  is the
aC’I’C)Li}/Jlal  l]iC C’(Wffici  Cl)t of ~N vs. a@e  of attack  w’hi~h
Cfetwtnincs  the normal  component of aerodynamic fOJ’CC’

acti]l~,  OJI ille parachule. “1’he  primary l;,l  )1. syst~m cl rop

icst data  available for verifying the pamcbuk- CN arc the
Ilp-lookinr,  ancl  down-  lookinr,  view  an~,lcw.  Since  the
view all~,lcs  were S[ronr)y ~c’pell~C’Jlt  011 tb~ baCkShC1l

aerodynamic stability, tbr parachu  le aerodynamic
coefficient C’N was correlated after  tbe backshcll  wincl
t(jjljlel tcstinc.

i n  il]is slady, lbe parachut~  C’N w a s  paranwtri~ml  as:
~’N(Cl)  =  (’l sil]((x) + ~“2  sil)2((~.),  wk’r~ ~~ i s  tbf’ a@’ of
al[tick,  and Cl ancl  C2 am two conslanl cocfficien[s. }Vi[h
the backshcl[ aerodynamic properties known  fj om
wiml  (11 JIJK’1  test,  a total of 336  lil)l, simulation J’UIM

wcw  macfc  will)  pmsible  IaIlfI,cs  of C’! a n d  C’z. ‘1 ‘k’
results arc’  plotkxf  in liip)ures  5a and .5b.

1[ was observed that the up-lcmkinz  view  anr,le  varied
bctwecm  2 to 6 clc~,,  ancf  the cfmw-lmkin~,  vicwv a@e

brtw’c’m 1 to  ? . 5  d(y). ‘1’0 reproduce the vim’  an~)e
lanf.)es  observed, the c o m b i n a t i o n s  of Cl and C’z
had to be sclcctecl  between the ccmtcmr lines  of 2 and  6
cfr~ (];i~,arr !+a) and those  of ~ and 2.5 cfe~,  (];igarc 5b).
‘1 ‘he selectml  (C1,C~Z)  set w a s  used  to cfcfinc  the
com’latcd  parachute aerodynamic model  for the final
Mals l’atb{incfcr }[1)1,  simulation.
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2.8  ‘J’AM Predictions vs. ‘1’es[  Results

‘1’he  results  arc summarized in ‘l’able 1 by cmnparin~
the modal  propcviies  predicted by the corrrlalwl YAN4
and those  iclcmti(ircl  from the test data. in general very
f,oocl ar)rccawnt  bciwecm the analysis and test modal
propcvtics,  especially the frequency correlation, was
achieved

3. 1,ANl)IIR  SEPARAI’IC)N  l>RC)P TJ!ST

I’hc 1 andm  Scpamlicm  1 )rop T’ml was performed at the
Missile llngagmwnt  Simulation Arena  of china  lake
Naval  Weapons Ckmlcr,  California in Sepkmber  and
oc[obcr,  1995. I’hc objectives were  to verify that the
mechanical dcviccs for the lander  separation woLIlcl

funclicm in their flight  ccmfip, ura[ion  as well as to
provide the test data to validate the dynamic model
used in the hlars Pathfinder 1;1)1, simulation.

Yif)ure  6. SIN -up for 1,andcr  Separation Ihop “1’cst

3.1 ‘1’esl  Configuration

‘I’lletes[ sc>t-tiI)  iss]~owll  ill~;igLlrc6.  I’rim’toseparaticm
tllrlallder  w~asa[laclled  [0 the backshe]l  interface plate.
A drag line  was employed to reduce the snatch force on
tlwlanclerat  theencl  of del~lcJyllletlt.’l’l~is  dragline was
stored inside a I)escent  Rate limiter (1)1{1,) in the form
ofa payout reallocated inside  tllelal]der  alldcollllcclcd
toa poin ton thebackshcll  at tl~co[l~cr  el~d.’l’l~elal~dcr
wasalsocmmec[ed  to three  points  on the backshell  by a
bridle system  comprisin~ a sinfjc  bridle and a triple
bridle.

l’ljelz]l~der/llacksl~elI  assembly wasatlachecl  to a crane
hook wi[h  three  flexible parachute-Iikc bridles. ‘1’hc
cram hook was suspended on a sin~,]e  cable  to tbe
ceiling of the builclinp,.

An analytical animation of the drop test is shown in
Fir,urc  7, where  the coordinate system  is also defined.

2’}~rosil)lilar  tes[sw~erc  col~dLlctcd.  Only  thefirst  will be
clcsctibed  here.  i n  t h i s  test,  the backshell/lander
assembly was initially sL]speIIclecl  vertically so that
prim to separation, all initial velocities were zero.

Y x

r
z

l(i~,ure7.  Al]illlaliol~  oflallderS el~alatiol~I)  ro~>’1’esl
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3,2 ‘1’est  Measurement

A string potentiometer, load cells, gyros and
accelerometers were used to measure the following
system response cluring the test:

● Separation ciistame;

● Bridle  and reaction forces;
● Translation/rotational motions and accelerations of

the backshell  and lander;

3.3 l“est  Analytical Model

A lest  analytical model (l’AM), Figure 7, was modified
from the dynamic model used in the hlars Pathfinder
F.1>1  sin~uIation,  as described in section 2.4. All
aerodynamic forces were removed since testing was
conducted indoors. Ground boundary condition was
imposed above the backshell  at the ceiling. Gravity was
changed to 9.806 n~/secz  to reflect 13arth  condition.

3.4 Model Correlation

Mass Properties Update

h4ass  properties were adjusted to match measured
values. I’hese values for the backshell  and lander were
104.31 kg and 175.61kg  respectively.

l)nt~lpitlg  Cocfjicieftts  Arfjustmwt

Based  on the measured lander deployment time, the
drag  coefficient of 1)1{1,  was adjusted to a value of 0.008.

‘1’o match the amplitude of vertical oscillation at the end
of lander deployment, the bridle damping was adjusted
to a value of 8000 kg/see.

3.5 TAM Predictions vs. Test  Results

}:igures  8a and Sb show respectively the vertical
displacement of the lander e.g. vs. time from test and
TAN4.  The excellent agreement in the deployment time
was c)btained  by adjusting the DRL  drag coefficient.

“l’he backshcll rotation about the X axis from test and
“1AM  is shown in Figures 9a and 9b respectively. Very
~ood frequency correlation is obtained for the duration,
from 2 to 12 see, of the lander deployment. I’he
amplitude correlation is initially quite good even
thou~h  the test data indicated higher damping during
the later  stages of deployment.

The force in the single riser (cable connecting the
backshell  to ceiling) from test and TAM is shown in
l’i~ures  10a and 10b respectively. l’he ‘1’AM  predicted
the initial force quite accurately although the snatch
force at the end of deployment was over-predicted. ‘l’he
~ eason  is that the actual dan~ping  mechanism included
the breaking of stitches connecting the bridle to the
lander petal and was more complex than the viscous
lnode]  assumed in the I’AM.

4. CC) NC’J.USIONS

The dynamic model used in the h4ars  I’athfinder 1{1)1,
simulation was successfully validated as described in
scc  [ions 2 and 3. I’he test verified model will be used to
develop a dynamic model for the final end-to-end Mars
l’athfinder  };D1,  simulation. I’he simulation results will
be reviewed to assess the Mars Pathfinder HI)I, system
pel formance.
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